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Comparison of visual effects of FS-LASIK for myopia centered on the coaxially sighted corneal light reflex or the line of sight INTRODUCTION 
W
ith the development of corneal refractive surgery and the introduction of wavefront-guided ablation and aspheric ablation, visual quality has become an increasingly important criterion. However, correct alignment of the corneal ablation is crucial to achieving good visual results because decentered optical zones can lead to a significant increase in higher-order aberrations [1] , with a decrease in quality of vision, diplopia [2] , decreased contrast sensitivity, and night vision disturbances [3] . There are three common choices for corneal ablation centration: centration of the pupil [line of sight (LOS)], the geometric center of the cornea (cornea vertex, CV), and the visual axis of the cornea reflex points [coaxially sighted corneal light reflex (CSCLR), also referred to as the "visual axis" in some studies] [4] [5] . The LOS is defined as the line joining the fixation point with the center of the entrance pupil [6] . The visual axis is defined as the line joining the Early refractive outcomes of laser in situ keratomileusis (LASIK) centered on the CSCLR or the LOS showed that both strategies were safe and effective [7] [8] . However, there is still some controversy as to where it is best to center the corneal ablation: on the entrance pupil center (LOS) or on the corneal vertex (an approximate proxy for the visual axis). The LOS is based on the theory that only the bundle of rays of light delimited by the entrance pupil enters the eye, and the LOS represents the chief ray of that bundle of light reaching the fovea [9] ; thus, the intersection of the LOS with the cornea should be the desired centration point. In contrast, CSCLR supporters propose that the best optical results are achieved by centering corneal ablation on the corneal vertex, which best approximates the corneal intercept of the visual axis [10] . Among the three ablation centers, the CSCLR distance to the visual axis is approximately 0.02 mm, whereas the other two ablation centers are relatively larger. Hence, practically, it is difficult to locate the optic axis at the intersection of the corneal surface, so that the CSCLR is the closest to the "ideal" anatomical point [11] [12] . Theoretical modeling indicates that decentration of 0.10 mm can induce aberrations rather than reduce aberrations during myopic wavefront-guided treatments. Centration on the LOS is not ideal strategy, because it defaults the shift in pupil center with differing light conditions [13] . In the present study, we compared the postoperative outcomes with myopic LASIK centered on the LOS or the CSCLR. We evaluated the efficacy and safety indexes, refractive outcomes, postoperative wavefront aberrations, contrast sensitivity, and objective visual quality in eyes after femtosecond laser surgery. Vector of pupil shift = . For example, the ablation center was shifted nasoinferiorly on the x axis by 0.31 mm and 0.12 mm on the y axis, corresponding to an offset of 0.33 mm. For the LOS group, the centering procedure was entirely automated selecting the pupil center and did not rely on surgeon adjustment. At 1, 3, and 6mo postoperatively, follow-up measurements included auto refractometry, manifest refraction, BSCVA, UCVA, Pentacam topography, and corneal high-order aberrations, as well as contrast sensitivity. Statistical Analysis Data analyses were performed using SAS software (version8.2, SAS Institute, Inc.). Normality of all data samples was first checked using the KolmogorovSmirnov test. When parametric analysis was possible, the Student's t-test for paired data was performed for all parameter comparisons. When parametric analysis was not possible, the Wilcoxon rank-sum test was applied to assess the significant of differences. For all statistical tests, a P value less than 0.05 was considered statistically significant. RESULTS The preoperative parameters for both groups are shown in the Table 1 . Preoperatively, the mean age was 27.77±7.1y in the CSCLR group and 26.03±7.70y in the LOS group; Preoperatively the MRSE was -6.68±2.60 D in the CSCLR group and -6.65±2.68 D in the LOS group. The two groups showed differences in preoperative corneal anterior surface and corneal spherical aberration with MRSE (-0. Table 2 shows the preoperative contrast sensitivity function was no statisticaly significant difference in the two groups. Regarding the distance between the pupil center point and the visual axis preoperation in the two groups, in the CSCLR group, the preoperative distance between the pupil center and the visual axis was 0.1867±0.0925 (0.0141-0.5701) mm, whereas in the LOS group, it was 0.2029±0.109 (0.01-0.5235) mm. There was no significant difference between the groups (P=0.0801; Figure 1 Table 3 shows the postoperative parameters for both groups.
SUBJECTS AND METHODS General Information
No statistically significant differences were noted between groups in the UCVA, BSCVA, SI, EI and MRSE.
Regarding the postoperative distance between the pupil center and the visual axis, in the CSCLR group, it was 0.20±0.15
(0-0.75) mm, and for 69.5% (169/243) of the eyes, it was less than 0.25 mm, and for 20.6% (50/243), it was more than Figure 5 ). was no statistically significant difference in the postoperative froZ4 0 between the two groups (P>0.05). Table 5 shows the contrast sensitivity function was statistically significantly different at low frequencies between the two groups at 1mo postoperatively (P<0.05), but there was no significant difference at any frequency at 6mo postoperatively (P>0.05). DISCUSSION Over the years, confusion and conflicting definitions over the various axes have been sources of much controversy surrounding the question of what is the appropriate centration technique in corneal refractive surgery. Many axes of the eye can be described, such as the optical axis, pupillary axis, line of sight, visual axis, and line of fixation. LOS is defined by the fixation point at one end and the center of the entrance pupil at the other [10, 12] . The pupillary axis has been described as the line perpendicular to the cornea that passes through the center of the entrance pupil, which also passes through the center of curvature of the corneal surfaces. The angle between the pupillary axis and the LOS is the angle lambda and has been clinically measured to be around 3°-6°[ [14] [15] . Another angle that is frequently described, but is impossible to measure in the eye, is angle kappa, which is the angle between the pupillary axis and the theoretical visual axis [16] [17] . The visual axis is defined as the line between the fixation point and the fovea Statistically significant difference using the Student's t-test (P<0.05). but, in fact, it is difficult to locate the visual axis. The current study showed that the CSCLR is the ideal anatomical site, close to this intersection point on the corneal surface [17] . Chan and Boxer Wachler [7] also confirmed that the CSCLR was the closest approximation to the visual axis. Additionally, the CSCLR obtained from corneal topography may not accurately determine the location of the visual axis. Recent studies [18] [19] have shown differences in the location of the visual axis, as estimated by the CSCLR and the LOS, in a population of myopic refractive surgery candidates, indicating that a precise and optimal definition of centration strategy is necessary. A disadvantage of selecting the LOS is the documented change in the pupil center under different light conditions [20] [21] . This change can result in relatively large changes in refraction because the curvature of the cornea changes with location. Yang et al [22] reported that they measured the pupil center of 70 eyes in dark and light environments and pharmacologically dilated conditions, and found that when the pupil diameter became larger, the pupil center continued to move the eye temporally, on average by 0.133 mm. Some scholars believe that the pupil center is a virtual image created by the bundle of rays of light across the aqueous humor and cornea refracted into the eye, so its reliability is questionable [23] . Thus, centering on the LOS maybe a greater risk for myopic LASIK. To center on the CSCLR may be preferable because it is not affected by pupil size. If the surgeon sights monocularly, directly behind the fixation light, the patient's corneal light reflex will appear to be decentered nasally in the pupil; the projection of the corneal light reflex onto the corneal surface will correspondingly be located nasal to the point where the line of sight and the cornea intersect. That is, the corneal light reflex will be located nasal to the optimal centration point for corneal surgical procedures. If the LOS is used to guide centration for a patient with a large kappa angle, there would be an error in marking the center. This study used topographical methods to measure centration of corneal procedures accurately from the pupil, and the surgeon removed the centration to the cornea reflex points of the visual axis during the LASIK procedure. The outcomes in this comparison indicated that both CSCLR and LOS centration are safe, accurate, and efficacious. Safety was indicated in this large cohort of 481 eyes by no loss of more than one line of vision. The loss of one line of CDVA falls within measurement variability and is considered clinically insignificant. In the CSCLR group, one eye lost more than one line of BSCVA and six eyes lost one line of BSCVA. In the LOS group, six eyes lost more than one line of BSCVA and 14 eyes lost one line of BSCVA. A UCVA of 20/20 or better was achieved in 84% of the CSCLR group and 86% of the LOS group; there was no statistically significant difference between the groups. The refractive outcomes in the current study were not statistically significantly different between the CSCLR and LOS groups. At postoperative 6mo, 95% of eyes in the CSCLR group and 94% of eyes in the LOS group were within ±0.50 D of the intended MRSE. Taken together, these outcomes indicate that a good safety index and an efficacy index could be achieved using both ablation strategies. Mrochen et al [3] compared myopic laser treatment, centering on the visual axis versus the line of sight. However, in that study, they performed comparisons on the early (1-month postoperative) data, which may not be accurate because refractive stability may not be achieved. In our study, we present longer term follow-up (6-month) data along with objective measures of the optical quality of the eye and visual quality; we also take comprehensive evaluation into consideration by treating closer to the visual axis rather than the line of sight. In the current study, the pupil center distribution, angle kappa, ablation center and whole cornea, corneal anterior, and posterior surface of high-order aberrations were measured using a Pentacam, which is based on Scheimpflug imaging, and performed a Zernike analysis for the whole cornea by measuring height data. Using the topographic corneal vertex location has some advantages because this point is reliable and reproducible on topography. Because the CSCLR is the closest approximation to the visual axis, and it represents a stable preferable morphologic reference. Centration on the pupil poses a significant challenge because the pupil center changes with differing illumination and with age [13, 24] . If patients possessing larger angle kappa can appear mildly exotropic while fixating on the LOS, it may be result in imprecise alignment of ablation. As this situation, centering on the CSCLR is more beneficial and desirable strategy, which is not affected by pupil size [19] . The postoperative induction of HOAs in the CSCLR group was statistically significantly lower than in the LOS group. Increased magnitude of coma is indicative of decentration, subclinical or otherwise [21] . Postoperative coma was statistically significantly higher in the LOS group, as the P-distance increased from 0.15 mm to more than 0.25 mm (P<0.05). P-distance increases were less than 0.25 mm in 69.5% of the CSCLR group and in 19.3% in the LOS group; that is, the P-distance increased more than 0.25 mm in 20.6% of the former group and 80.7% of the latter group. The increased coma indicated greater ablation decentration in the LOS group. This outcome was consistent with Reinstein et al [18] , who reported that small ablation decentration (P-distance<1 mm) showed no significant difference in UCVA or MRSE postoperatively, but it was a major cause in the induction of postoperative spherical aberrations and coma. Khakshoor et al [21] reported that centration on the CSCLR for myopic patients within high angle κ values may aid in providing better refractive outcomes and vision quality, which was consistent with our results. Our clinical outcomes indicated that there was no statistically significant difference in the increased magnitude of spherical aberrations postoperatively, but that postoperative coma was statistically significantly higher in the LOS group, and the increased magnitude of coma and the eccentric magnitude of the ablation were positively related (r=0.69, P<0.01). Postoperative spherical aberrations were not affected by decentration because the spherical aberrations were radially symmetric. Centration on the CSCLR reduced positioning errors made by the surgeon when estimating the visual axis and decreased the induction of coma postoperatively. At 1mo postoperatively, the contrast sensitivity function was statistically significantly different at low frequencies between the two groups, but there was no significant difference at any frequency at 6mo postoperatively. This indicated that the ablation decentration was minor and did not lead to poor visual quality in either group. In the early stages of LASIK surgery, a decrease in CSF was related to factors such as corneal edema, irregularity of the corneal surface, light scattering of the corneal layer, central corneal flattening, ablation decentration, pupil size and optical zone matching, and haze, all of which can reduce the quality of vision. Our results were consistent with previous studies [21, 25] ; over time, the CSF returned to the preoperative level by 6mo after LASIK surgery. A limitation of this study is that we did not choose to centrate on the LOS and the CSCLR on different eyes in the same candidate, which could demonstrate the greater strength of centering on the CSCLR. Another drawback is the follow-up of 6mo, which may not be long enough to identify changes that occur over a longer follow-up.
Comparison of visual effects of FS-LASIK for myopia with different centration
In conclusion, myopic LASIK centered on the CSCLR appears to represent a more preferable method, which is safe, accurate and efficacious, avoiding suboptimal refractive outcomes and induction of HOAs. Ablation centration closer to the CSCLR may achieve the best optical results and improve the postoperative vision quality. It is expected that larger studies with longer follow-up will further demonstrate the safety and efficacy of the procedure and validate the advantage of this centration technique in myopes.
